Abstract: Polish standards concerning field investigation with the use of a Weight Sounding Test (WST) probe give interpretation of results for non-cohesive soils only. The lack of such interpretation for cohesive soils excludes this testing equipment from use. This paper presents the results of geotechnical site investigation and laboratory tests performed for Miocene clays in Carpathian Foredeep in the Cracow area. Based on the analysis of the results a correlation was determined between the characteristic values for the WST probe (number of half-turns N WST ) and the selected properties of Miocene clays. The article is an attempt to create a complete interpretation of test results obtained for cohesive soil with WST equipment.
INTRODUCTION
In-situ tests are more advantageous than the laboratory tests owing to faster proceedings, the capability to detect minor discontinuities in soil and lower costs. Nevertheless, in order to carry out field tests with the use of geotechnical probes, a proper calibration of the probe is required. Relevant, reliable and universal information about the interpretation of the results obtained for both cohesive and non-cohesive soil should be available to the probe user. It refers to both simple manual tools and the most technically advanced automatic probes.
Weight Sounding Test (WST) probe was developed by the Geotechnical Department of Swedish Railways in 1915 [16] . Currently, the probes are used for the investigation of all types of soil, mainly for evaluating the thickness and range of the layers arranged one above another and for assessment of selected soil characteristics for project-related purposes. In Europe, the WST probe is most commonly used in Scandinavia, especially Sweden and Finland [6] , [14] , [27] . However, in Asia, the probe is considered to be a standard research tool used in assessing the causes of disasters associated with earthquakes and the accompanying phenomenon of soil liquefaction. The relation stated by Inada [9] , subject to various kinds of modifications [18] , [37] , [34] , has been used for interpretation of results since the early 1960's. The probe was used, among others, in Turkey [34] , Iran [7] , [31] , India [32] , Sumatra [17] and Japan [13] , [15] , [28] , [33] , [35] , and more recently in New Zealand, in conjunction with the strong earthquake which struck the country in 2010 [2] , [3] , [29] , [36] . Despite the fact that the probe has already been in use for almost 100 years, no standard data interpretation rules have been developed so far (except for a small group of non-cohesive soils) [25] .
Research studies into the use of the WST probe for the investigation of cohesive soil commenced in 2008 [19] , and were continued in subsequent years [1] , [20] - [22] . This paper describes the studies carried-out between 2011 and 2012, and is a kind of report on the 5th stage of the studies on the calibration of the WST probe. In the first instance, calibration tests were conducted only on a small group of cohesive stiff soil composed of upper Miocene clays of Carpathian Foredeep.
DESCRIPTION OF THE REGION SELECTED FOR INVESTIGATION
Miocene clays occur commonly and almost over the whole surface of the Carpathian Foredeep. Their roof appears sometimes directly on the land surface under a thin layer of organic soil, but more frequently below a thin cover of younger quaternary deposits. The deposits of clay in the Cracow region are of a varying thickness, and vary considerably from few cm on terrain uplifts up to ten meters in depressions [10] .
For practical reasons, the scope of use of the WST probe for cohesive soil is limited to a depth of 6-7 m. This limitation is caused by the friction of soil on drilling rod, which causes a number of half-turns and is artificially increased below this depth [19] , [30] . When selecting subsequent test stands, efforts were made to choose locations in which the Miocene clays occurred directly on the land surface, limiting the scope of probing and drilling to a depth of 6 m.
The tests were carried out in the village of Tenczynek, located around 30 km west from Cracow. When constructing new houses in this region, Miocene clays occurring almost directly on the land surface were found. The selected research area is planar, and the differences in altitude observed on the plot meant that the depth at which the tests were to be conducted could not exceed 0.5 m. The roof of the Miocene clays lies at a depth of approximately 0.5 m below ground level under a layer of organic soil. Drillings performed in the scope of field tests did not reach the thill of the clay layer.
GEOTECHNICAL SITE CHARACTERIZATIONS
A rectangular test field of width and length of 16 and 20 m, respectively, and surface of 320 m 2 was designated. During the field tests, 20 WST probings were set up in the grid of 4 × 4 m and 12 test boreholes were made. A layout of the test field is shown in Fig. 1 . In 6 test boreholes (I-VI) of a depth of 5.5 m, additional tests of undrained shear strength c fv and remoulded shear strength c rv were carried out with a 1 m step of the depth using Field Vane Test (FVT) probe. The results of tests made with the use of FVT probe comprising average undrained shear strength of all 6 boreholes and soil sensitivity indices determined in accordance with [5] are given in Table 1 . In addition, samples for further laboratory tests (category B sampling methods) were taken from the same boreholes at 1 m depth intervals. In the other 6 boreholes (A-F), samples for strength tests (category A sampling methods) were taken at 1 m depth intervals.
In the scope of WST probe calibration tests, 20 probings were made to a depth of 5.5 m, and as provided in papers [1] , [19] - [22] , half-turns were counted for every 10 cm of probe penetration.
For probe penetration under a load of less than 1 kN, the following substitute numbers of half-turns were assumed: 0 for 1.0 kN, -1 for 0.75 kN, -2 for 0.50 kN, -3 for 0.25 kN, -4 for 0.0 kN. The same approach was presented in previous studies [1] , [19] - [22] concerning calibration tests of WST probe.
The results of the probing are given in Fig. 2 . The graphs, in addition to the curve showing the averaged results of 20 probings, also contain the curves presenting the minimum and maximum values obtained during probing (Fig. 2a) and an average deviation value (Fig. 2b) .
The number of half-turns varies from -3 (0.25 kN) to 20 within the profile of tested clays. A gradual 
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increase of half-turn numbers from -1 (0.75 kN) to 16 on average is observed along the whole depth probed. Average deviation of the results varies considerably for individual depths and varies from 0.0 to 3.7 halfturns.
For the determination of a reliable number of halfturns at the depths from which the samples for laboratory tests were taken, an arithmetic mean value of half-turn numbers N WST was obtained and calculated for sections of 30 and 50 cm in length. The character- Number of half-turns N WST for every 10 cm of WST probe penetration istic results of the WST probings in the Tenczynek-2 test field are given in Table 2 .
CORRELATION BETWEEN LIQUIDITY INDEX AND HALF-TURN NUMBER N WST
Calibration tests were carried out in consideration of two aspects. In the first aspect, the tests referred to the liquidity index of Miocene clays determined in the laboratory and assigned to the characteristic values obtained in field tests carried out with the use of the WST probe, i.e., to the number of half-turns N WST . The second aspect of the tests referred to selected strength properties.
For the complete characteristic and classification of the soil being investigated, a series of property determinations pursuant to the Polish Standards [24] were performed; the results of the tests are given in Table 3 . Figure 3 shows 
where: I L -liquidity index, N WST -number of half-turns, r -linear correlation coefficient. The equation used to determine the parameters of linear regression was obtained from the constants of the straight line equation, which was estimated with the use of the least squares method. The correlation between the liquidity index and the number of halfturns N WST is high (0.5 ≤ r < 0,7), and the critical value of the linear correlation coefficient, for a significance level of 0.5, for 22 elements, amounts to r* 0.05(22) = 0.423 [8] , [12] . As the calculated value of the linear correlation coefficient exceeds the critical value, an assumption may be made that there is a significant correlation between the liquidity index of the Miocene clays and the number of half-turns N WST .
For a proper determination of the liquidity index, based on the results of the tests carried out with the use of the WST probe, formula (1) 
CORRELATION BETWEEN COHESION AND ANGLE OF INTERNAL FRICTION AND HALF-TURN NUMBER N WST
The main problem in soil strength tests is taking samples which truly represent the natural soil. For this purpose, samplers, which enable taking samples of unaffected structure (category A sampling methods) with the use of the fittings of the WST probe, were developed [1] .
All strength tests were conducted with the triaxial testing apparatus of GDS Instruments Ltd. [1] . A UU (unconsolidated undrained) method, i.e., the tests without pre-consolidation and drainage during shearing, was used for the strength tests. Water content in the sample was kept at a constant level, and pore water pressure u was measured during the tests. The tests were carried out for three pressures σ 3 = 50, 100 and 200 kPa. The speed of axial displacement (share rate v s ) amounted to 0.01 mm/min. In addition, clay water content was determined before and after the test.
The test soil was partially saturated with water (S r < 1) ( Table 4) . In which case, as the result of triaxial UU tests, Mohr's circle envelope is inclined and the values of internal friction angle are greater than zero (φ > 0). Thus, based upon the results of triaxial tests, the angle of internal friction φ and cohesion c of the soil tested were determined for the total stress Kaczyński's studies [10] , [11] ters of c T and φ T , and the specific parameters of cohesion c and an internal friction angle φ [4] , [23] .
For selecting results, the criterion specified in Polish Standards [24] and adapted to the assumed test method was used. The test results for specified clay groups comprised at least 6 pairs of values p and q. For test results, two pairs representing the pressure in the chamber of 50, 100 and 200 kPa, respectively were always selected. The linear correlation coefficient r determined for linear relation of q = f( p) had to exceed 0.9. Samples which did not meet the foregoing criterion were rejected, and strength tests were continued until 6 results meeting the assumed criterion had been obtained. Test results for the Tenczynek-2 are given in Table 4 and in Fig. 4 .
Samples taken at depths of 1 and 2 m were plastically deformed ("barrels") or failure occurred along slip surfaces with a considerable plastic deformation of the sample and without a clear reduction of deviatoric stress following the strain increase. A considerable plastic deformation of the samples did not allow the tests to clearly determine the angle of shearing resistance of the sample (approximately 50 to 64 degrees) nor to describe macroscopically the shear surface. Sample failure occurs on a clear slip surface along with a decrease of soil water content, which takes place below the depth of 3 m. The surfaces were 
where:
N WST -number of half-turns, r -linear correlation coefficient. The parameters of the regression equation describing the relationship between the selected strength properties and half-turn number N WST for tested soil were calculated from the constants of the straight line equation determined by the least squares method.
The correlation between the selected strength properties and number of half-turns N WST is very high (0.7 ≤ r < 0.9) and almost certain (0.9 ≤ r < 1.0), and critical value of linear correlation coefficient for a significance level of 0.05 and for 22 elements amounts to r* 0.05 (22) = 0.423 [8] , [12] . As the calculated values of the linear correlation coefficients exceed the critical value, a significant correlation between the tested strength properties and number of half-turns N WST should be deemed to exist.
The foregoing relations (2) and (3) may be used for the determination of the selected strength properties of Miocene clays based on the WST probings for half-turn number N WST ranging from -1 (0.75 kN) to 14 half-turns for every 10 cm of probe penetration.
SUMMARY
As laboratory tests are time-consuming and expensive, designers quite frequently replace them with quicker, and sometimes cheaper field tests. For conducting field tests with use of field equipment, proper calibration of equipment and the availability of appropriate data for the interpretation of the results obtained from the probings is required. The foregoing requirement refers to both mechanical equipment, which finds wide application in difficult geotechnical conditions, and to manually operated equipment used in simpler applications, or in sites where use of the most technically advanced automatic equipment is impossible.
Tests carried out with the use of the WST probe are among the cheapest and quickest methods of in situ soil investigations. Therefore, providing future users with universal tools for enabling the interpretation of test results to be obtained is very important. Based upon field and laboratory tests for the near-tosurface layer of Miocene clays of the Carpathian Foredeep in the Kraków region, correlation dependencies were determined, which may be subsequently used for the preparation of data and for the interpretation of the results obtained for cohesive soil.
